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SUMMARY 


A systematic study has teen made, experimentally and theoretically , 
of the effects of a vortical wake on the aerodynamic characteristics 
of a rectangular wing at subsonic speed. The vortex generator and wing 
were mounted on a reflection plane to avoid "body-wing interference * 

Vortex position, relative to the wing, was varied both in the spanwise 
direction and normal to the wing. Angle of attack of the wing was 
varied from -k- to +6°. Both chordwise and spanwise pressure distribu- 
tions were obtained with the wing in uniform and vortical flow fields. 
Stream surveys were made to determine the flow characteristics in the 
vortical wake. 

The vortex- induced lift was calculated by several theoretical 
methods including strip theory, reverse-flow theory, and reverse-flow 
theory including a finite vortex core. In addition, the Prandtl lifting- 
line theory and the Weiss inger theory were used to calculate the span- 
wise distribution of vortex- induced loads- With reverse-flow theory, 
predictions of the interference lift were generally good, and with 
We is s inger* s theory the agreement between the theoretical spanwise 
variation of induced load and the experimental variation was good. 

Results of the stream survey show that the vortex generated by a lifting 
surface of rectangular plan form tends to trail back streamwise from the 
tip and does not approach the theoretical location, or centroid of 
circulation, given by theory. This discrepancy introduced errors in the 
prediction of vortex interference, especially when the vortex core 
passed immediately outboard of the wing tip. 

The wake produced by the vortex generator in these tests was not 
fully rolled up into a circular vortex, and so lacked symmetry in the 
vertical direction of the transverse plane. It was found that the 
direction of circulation affected the induced loads on the wing either 
when the wing was at angle of attack or when the vortex was some distance 
away from the plane of the wing. 
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INTRODUCTION 


The problem of determining the aerodynamic characteristics of wings 
or tail surfaces in the flow field downstream of lifting surfaces has 
been the subject of much research. This problem has two basic parts: 
first, to determine the stream conditions in the wake of a lifting 
surface, and second, to evaluate the effect jf this nonuniform stream 
on the trailing surface. 

For canard configurations with the reduced wing span relative to 
tail span of many present-date configurations, the assumption of . uniform 
downwash at the trailing surface is inadequate. Methods^ for estimating 
the development, rate of roll-up, and location of a vortical wake are 
given in references 1 , 2, and 3 * Most published experimental data 
concerning the effects of vortices on wings were obtained in the presence 
of bodies which introduce additional unknowns into the problem (see 
ref s . 4 to 6 ) . 

The purpose of the present investigaticn was to study the effects 
- of a Vortex on a trailing wing under cont roiled conditions • Tests were 
made with a half -span rectangular wing in tie wake of a vortex generator. 
Theoretical calculation of the wing loads wss simplified by the use of 
a half -span model mounted on a reflection piane which eliminated the 
need for a body with its attendant crossflow. The wing was instrumented 
to measure local surface pressures in order to determine the chordwise 
and spanwise distribution of interference lead- Extensive stream surveys 
were also made to determine the strength of the circulation and to locate 
the center of the vortical disturbance. 


NOTATION 

a c radius of vortex core, ft 

b wing span, ft 

c local chord, ft 

c a average chord of wing, ft 

c^ section lift coefficient 

. ^ L 

C L lift coefficient, ^r 

(AH lift coefficients are based on the area of the wing.) 
C T lift -curve slope, per deg 
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interference factor , ratio of interference lift on wing to lift 
produced by the vortex generator 

lift force , lb 

Pn " P 

lifting pressure coefficient induced by vortex, — x - °3L e . r .upper 

q 

free “Stream dynamic pressure, lb/sq ft 
y coordinate of wing tip, ft 
wing area, sq ft 
free -stream velocity, ft/sec 

vertical component of wind velocity (positive downward), ft/sec 

Cartesian coordinates, streamwise, spanwise, and vertical, 
respectively (fig* l) 

angle of attack, deg 

local downwash angle deg 

circulation, sq ft/sec 

variables of integration corresponding to x,y 


Subscripts 


i induced effect 

f forward flow 

r reversed flow 

v vortex 

G vortex generator 

W wing 

THEORETICAL METHODS 

The influence of a vortical wake on a rectangular wing was calculated 
by several well-known methods for the purpose of assessing their relative 
merits by comparing theory with experimental results . 





Tlie limitations and assumptions used in the theoretical analyses 
are s«s follows : 

1 . Linearized theory was used assuming inviscid potential flow- 

2. The load on a plain wing in nonuniform flow was assumed to he 
identical with the load on an appropriately twisted wing in uniform 
flow. 


3 . Infinite line vortex theory was used in order to express the 
nonuniform stream angle as a single mathematical expression. Neither 
the strength nor the path of the vortex was allowed to change in 
passing over the wing. 


Wake Representation 


To represent the wake, the forward lifting surface or vortex 
generator was replaced "by a horseshoe vortex with the hound portion 
along the quarter -chord line with span 2y v as defined hy the Kutta- 
Joukowski theorem 


Lq = pVT2y v 


( 1 ) 


where the vortex span is obtained from the theoretical span load 
distribution (ref. 2)- 

A potential vortex with the tangential velocity inversely pro- 
portional to the distance from its center it, of course, unrealistic 
at the center. For some of the theoretical calculations, a rotational- 
core approximation as derived in reference 1 was used to eliminate this 
singularity in downwash distribution at the center. Further, the actual 
vortical wake may not be fully rolled up into a discrete vortex. The 
wake can then be more accurately represented by several horseshoe^ 
vortices, distributed according to the spanvise circulation distribution 
of the wing, as described in reference 2- however, In many practical 
cases a single horseshoe vortex adequately represents the wake- 


Vortex- Induced Loans 


The problem of determining the influence of a vortex on a wing is 
one of finding the lift on a wing in a nonuiiform stream. One approach 
to this problem is the classical strip theory which considers each 
infinitesimal element of the wing to be independent from the others, 
and the induced lift coefficient is 
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where c-> is the two-dimensional section lift coefficient per unit 
angle of attack- Strip theory gives quite erroneous answers , at least 
for untapered wings , when the vortex core passes near the wing tip since 
finite loads are predicted at the tip of the wing- However, when the 
vortex passes well inboard of the wing tip, strip theory may give 
reasonable answers since the errors are symmetrical and hence compensat- 
ing about the vortex core • 


Within the limitations and assumptions previously indicated, 
reverse -flow theory (ref- 7) can be applied to find the lift on a wing 
in a nonuniform flow field- If the downwash is considered to be constant 
in the chordwise direction and to vary in the spanwise direction, the 
induced lift coefficient given by this theory is: 


C Li = 




( 3 ) 


where 



three-dimensional lift -curve slope 


cc. 

— rpL span loading parameter in uniform flow 
c a u L 


spanwise downwash distribution in forward flow 

The reverse-flow theory is superior to the strip theory since it accounts 
for the variation in span load distribution due to wing plan form. 
However, neither theory defines the distribution of induced loads. The 
need for a solution to the problem of the distribution of induced loads 
suggests use of a lifting -surf ace theory. 


Distribution of Induced Loads 


An expression relating the lifting pressure on a wing to the local 
downwash angle has been derived by several investigators (refs, b and 9) 
using lifting-surface theory. In the notation of this paper, the equa- 
tion is as follows, (it is assumed that the wing lies in the z = 0 
plane . ) 
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This equation has not been solved analytically to date; however, there 
are several simplifications which can he made that permit approximate 
solutions to the problem. One of these is Prandtl’s lifting-line theory 
which is intended for large aspect-ratio wings; however, experience 
has shown that it is valid for aspect ratios as low as 3- The basic 
assumption in the lifting-line theory is that at each element of a 
finite wing the velocity distribution is identical to that for two- 
dimensional flow around the element with V' instead of V as the 
velocity at infinity, where 

2 



L + 


•V(x-g ) 2 + (y-riT 

x-| 


I'M 


V' =n/v 2 + w 2 


The assumption of two-dimensional flow makes possible the evaluation of 
the chordwise loading and also, for large aspect-ratio wings, (y-q) will 
generally be much larger than (x-£ ) so (y-q) may be substituted for 

(x-| ) 2 + (y-q) 2 in the lifting-surface equation- The spanwise varia- 
tion of downwash may then be expressed as 


w(y) 



( 5 ) 


which is the Prandtl lifting-line integral equation expressed in terms 
of the circulation. 

A method for obtaining a numerical solution of the lifting-line 
equation for a wing in nonuniform flow (presented in detail in ref. 10, 
p. 250) is summarized below. The spanwise variation of circulation is 
expressed as a trigonometric series of n terms, introducing the 
variables cp and 0 by the substitutions 


y = -s cos cp , r] = -s cos 0 


where s is the semispan of the wing. Then 


r = ksV (AjSin cp + A 2 sin 2cp + A 3 s In 3cp + ... + A n sin nCp) (6) 


The computations can be simplified by taking an odd number n of 
equidistant values of cp from 0 to x- Equations (5) and (6) can now be 
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combined to obtain a system of n linear equations with n unknowns . 
The local values of w/v must be specified at the n points. These 
may be experimental downwash angles or the values computed for potential 
line vortices . Solution of these equations gives the induced load at 
the n points. 


The accuracy of the computed results depends on the number of 
control points used. In the present investigation an IBM 704 computing 
machine was used to compute the circulation distribution for 45 points 
along the semispan. Computing time was about 5 minutes and, the 45 
control points were adequate to define the downwash distribution 
encountered in this investigation. 


Another approximate solution to the lifting-surface equation is 
the We is singer theory (L-method) which is similar to the Prandtl 
lifting-line theory. In the Weissinger theory (ref. 11) the lifting 
wing is replaced by a system of horseshoe vortices concentrated at the 
quarter chord, with a spanwise distribution such that the downwash at 
the 3/4-chord point will be equal and opposite to the corresponding 
component of the incident flow. Both mathematical models are consistent 
with the lifting-surface theory in the limit for infinite aspect ratio. 
As in Prandtl* s theory, the two-dimensional chordwise lifting pressure 
variation was used. Since the boundary conditions are satisfied at 

x-| = c/2, we may approximate the radical s/(x-| ) 2 + (y-r)) 2 by 

n/c - /4 + (y-'n) . With this simplification and after the terms are 
regrouped, equation (4) may be written 


v(y) 
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An approximate solution for the spanwise distribution of circula- 
tion may be obtained in exactly the same manner as for the lifting-line 
theory (ref. 10). It is interesting to note that the equation for 
Weissinger* s method (eq. (7)) is identical to Prandtl* s equation (eq. (5)) 
except for the additional term on the right-hand side of the equation. 

The solution of the simultaneous equations is somewhat more 
laborious because of the additional term. About l-l/2 hours were required 
to compute the coefficients of the simultaneous equations on an electronic 
computer. However, for a given wing plan form these same coefficients 
may be used to compute any load conditions in only a few minutes. 


APPARATUS 


The experimental portion of this investigation was conducted in 
the Ames 7“ by 10-Foot Wind Tunnel at a Mach number 0*3 and a Reynolds 



number of 2-0 million per foot. This wind tunnel is a subsonic, closed- 
return, atmospheric tunnel. 

The test apparatus included a rectangular wing and vortex generator, 
mounted on a reflection plane, and a multiple— cone stream survey rake 
( see figs. 1 and 2). The wing could be pitched about its mid-chord 
point, although its location on the reflection plane was fixed. Provi- 
sions ^were made for mounting the vortex generators either in the stream- 
wise plane of the wing or 1-5, 3-0, and 4-5 inches above the wing. These 
vortex generators could be set at several fixed deflection angles (most 
of the results are for oq. = 5° ) • The leading edge of the wing was 
lj inches (5 generator-chord lengths) downstream of the trailing edge 

of the vortex generator. A 

2 

The wing was of Fiberglas construction with static— pressure orifices o 

in chordwise rows on the upper and lower surfaces at 12 spanwise stations. 2 

A detailed drawing of the wing showing the pressure orifice locations 
is presented in figure 3- 


Three interchangeable vortex generators of rectangular plan form 
with 3 -inch chord and varying span were used (see fig. l). Each vortex 
generator was instrumented to measure lift b f taking bending moments 
at two stations near the root. A flat section was used with symmetrical 
wedges (20° total included angle) for the leading and trailing edges. 
Because of strength considerations, the vortex generators were tapered 
in thickness from 3 percent of the chord at the tip to 7, 10 > and 12 
percent at the root for the 6, 12, and 15 -inch-span generators, 
respectively. 

The stream survey rake consisted of five l0° cones instrumented 
to measure static pressures at four radial joints, 90 ° apart, on the 
cone and also total pressure at the apex, retails of the rake are 
shown in figure 4. The rake was sting mounted on a support system which 
allowed the rake to be translated in the vertical direction (perpendicular 
to the reflection plane) with the plane of the rake perpendicular to the 
plane of the wing (see fig. 2). Surveys were made at various streamwise 
locations by adjusting the length of the string. 


TESTS AND PROCEDURE S 


The entire test was conducted at a constant dynamic pressure of 125 
pounds per square foot • All pressures were measured with manometers 
using water as the fluid. The manometers were photographed and the tube 
heights read to within ± 0.05 inch with the aid of optical film readers. 

The reflection plane was mounted far enough from the tunnel ceiling 
to exclude effects of the tunnel boundary layer. Stream surveys made 
in the vicinity of the reflection plane showed a maximum variation 
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of 1 percent of the dynamic pressure and a stream angle of 0.2° in the 
downwash direction and no stream angle in the sidewash direction. 
Corrections for tunnel-wall interference effects on the downwash angles 
were found to he negligible and so were not included in the results. 

A vortical wake was created by the vortex generators. Generators 
of rectangular plan form were used so the wake would tend to roll up 
rapidly into a single vortex. Lift produced by the vortex generators 
was calculated from the bending moment measured by electrical strain 
gages mounted on the surface of the vortex generators . Tests were made 
with tufts of yarn attached to the upper surface of the vortex generators 
to determine the maximum incidence angle allowable without appreciable 
flow separation. 

Static pressures were measured on the upper and lower surfaces of 
2 the wings in the uniform stream and in the wake of the vortex generators . 

Increments of lifting pressure between the data obtained in a vortical 
wake and in a uniform stream were then integrated over the wing chord to 
get the induced section-lift coefficients. A spanwise integration of 
these section-lift coefficients then gave the lift coefficient Cp., 

induced by the vortical wake. From these results the interference 
t factor, a ratio of induced lift on the wing to the lift produced by the 

vortex generator, was obtained. 

A multiple -probe survey rake was used to measure stream angle in 
the downwash and sidewash direction and to measure local dynamic pressure 
A complete description of the method of calibrating a k-0° cone to measure 
flow angles and total pressure is presented in reference 12. The same 
calibration technique was used in the present investigation, except that 
dynamic pressure was obtained from a difference of local static pressure 
and local total pressure. 

Stream surveys were made to locate the vortex and to measure the 
strength of the circulation in the air stream. The survey rake was 
moved parallel to the span of the wing and the spanwise increments were 
varied between data points to adequately define the stream in the 
vicinity of the vortex core. Spanwise location of the vortex center 
was shown by a reversal in sign of the downwash angle while the width 
of the core was taken as the distance between the maximum and minimum 
downwash angles measured in a plane parallel to the wing at the predicted 
height of the vortex core. Circulation was obtained by integrating the 
induced velocity in the transverse plane along rectangular paths which 
enclosed the complete wake. Repeatability of the data was shown to 
be 0*5 percent of the dynamic pressure and 0.25° of the downwash or 
sidewash angles. 
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RESULTS AND DISCUSSION 


Determination of the characteristics of wings or tail surfaces in 
a nonuniform flow field, downstream of a lifting surface consists "basically 
of two parts: first, determination of the stream conditions in the flow 

field, and second, evaluation of the effect cf this nonuniform stream 
on the trailing surface* In the discussion to follow, both of these 
features of the problem will be treated by comparing theoretical and 
experimental results . 


The Vortical Wake 


A comparison of theoretical and experimental downwash angles in the 2 

crossflow plane of the wing leading edge is presented in figure 5 for 
vortex generators with three different spans ■ These surveys were made 
along a line parallel to the vortex generator trailing edge and close 
to the center of the vortex. Although the strength of the theoretical 
horseshoe vortex has been chosen to preserve the lift impulse , there is 
considerable disagreement between the theoretical and experimental 
downwash angles. It appears that the magnitude and spanwise variation , 

of the theoretical downwash angles (fig. 5) ure reasonable but the 
spanwise location of the theoretical vortex :ore is displaced from the 
experimental location. Spanwise vortex locations obtained from the 
stream-survey data (see fig. 6) are singularly different from the loca- 
tions predicted by theory. The vortex forme 1 by each of the three 
vortex generators appears to originate at the tip and then trail back 
along a nearly streamwise path. It would se cm that the location of the 
vortex is strongly influenced by the small high lift region previously 
measured at the tip of rectangular wings (see ref. 10, p. 27*0- Varia- 
tion of the span load distribution with aspect ratio may have affected 
the rate at which the vortical wake rolled up, but it did not measurably 
alter the vortex location. 

It should be noted that this discussion on vortex location concerns 
lifting surfaces of rectangular plan form- If the plan form of the 
vortex generators had been highly tapered or elliptical, the agreement 
between theoretical and experimental vortex locations might have been 
better. Some published experimental data tend to substantiate this 
plan-form effect. Wind-tunnel data (see ref. 13) obtained at a Mach, 
number of 1.6 with a rectangular wing and experimental apparatus similar 
to that used in the present investigation lccate the trailing vortex 
nearly in line with the wing tip. In contrast, water-tank tests with 
elliptical and triangular wings (see ref. 1' show the experimental 
vortex core approaching the theoretical location several chord lengths 
downstream of the wing. 

In an attempt to find out more. about the origin of the vortex, a 
stream survey was made in the region of the wing tip. The wing was used 


coro > 



C cvjco 


11 


in this survey because of its larger size and more conventional section 
than the vortex generator. Surveys were made in the transverse plane 
at 20 , 50 , 80 , 100 , and 115 percent of the wing chord with the wing at 
an angle of attack of 6°. In figure 7 the experimental vertical location 
of the vortex center is shown with a half section of the wing drawn in 
for reference- The vortex location was taken as the apparent center of 
rotation of the downwash and sidewash velocity vectors in the transverse 
plane- A well-defined vortex was found which appeared to be shed from 
the side edge of the wing tip. The importance of this side -edge effect 
in determining the nature of the wake of a rectangular wing is shown by 
the strength of this tip vortex which was found by integrating the 
crossflow velocities around a path which just enclosed the vortex core- 
At the trailing edge the strength of the tip vortex was nearly half of 
the entire circulation- In figure 7 the variation of circulation in the 
chordwise direction is shown to illustrate the manner in which the vortical 
2 wake develops. About 70 percent of the total circulation of the wing was 

encompassed in this survey of the outboard one -fourth of the wing semispan. 

The manner in which the wake of a wing rolls up into a trailing 
vortex in viscous flow is not completely understood. A host of experi- 
mental data shows the vortex , at some distance downstream of the lifting 
surface, to have a core of finite diameter which rotates as a solid 
body. An approximation for calculating vortex location and core size 
is presented in reference 1- However, this method predicts vortex-core 
diameters which are considerably larger than those obtained experimentally 
by stream surveys . 


Vortex-Wing Interference 


The interference factors obtained by various theoretical methods 
are shown In figure 8 as functions of the span of the vortex-generator 
relative to the span of the wing. The experimental interference factors 
obtained with a vortex-generator angle of attack of 5° are shown for 
comparison. The classical strip theory Is obviously in error near the 
ratio of bQ/by = 1- Strip theory fails to take account of the loss of 
lift effectiveness of those elements of the wing near the tip. The 
infinite velocities near the center of the vortex and the finite lift 
at the wing tip prescribed by strip theory result in excessively large 
interference factors when the vortex passes near the wing tip. The 
results of figure 8 show that if the span of the forward surface is 
less than about two-thirds of the span of the following wing, strip 
theory can be used to predict the interference load with reasonable 
accuracy. The infinite interference factor is avoided in the reverse - 
flow theory since the loading function goes to zero at the wing tip. 
Also, modification of the reverse-flow computations to include a finite 
vortex-core diameter effects a sizable improvement when the vortex core 
passes near the wing tip and the calculated interference factors come 
into good agreement with experiment . 
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The effect of the discrepancy between the theoretical and experi- 
mental vortex location (fig. 6), in terms of the magnitude of the 
interference factor, is illustrated in figure 9 - The interference factors 
were computed for oq = 5° using the reverse-flow theory, assuming a 
finite vortex-core diameter, for three spanwi.se locations of the 
vortex: (l) streamwise from the generator tip, (2) the location indicated 

theoretically, and (3) the location measured experimentally • 

It is apparent in figure 9 that correlation between theory and 
experiment is very good for the vortex either trailing from the tip or 
at its experimental location. Use of lifting-line theory to predict 
the vortex location results in sizable errors when the span of the 
forward surface is such that its vortex passes near or outboard of the 
tip of the following surface* 

gppgct of vortex height above wing*— Variation of the interierence 
factor with the height of the vortex generator above the wing-chord 
plane calculated by the reverse-flow theory, including a finite core, 
agrees quite well with experimental values as shown in figure 10. 

However, the experimental interference factors obtained ior various 
vertical distances (z G ), showed one interesting effect which was not 
accounted for by the theory. The experimental interference factors 
obtained with a positive value of clq reach a maximum value at 
z / c s 0.25 while the theoretical maximum, assuming the trailing vortex 
to be symmetrical in the vertical plane , occurs at the wing-chord plane. 
It is well known that the wake of a lifting surface starts out as a 
vortex sheet which proceeds to roll up into a spiral while progressing 
downstream. The spiral develops quite rapidly, but only asymptotically 
approaches the fully rolled-up vortex assumed in the line -vortex theory. 
In these tests, the vortex generator at a positive incidence produced a 
counterclockwise spiral (looking downstream, with the tail of the spiral 
moving downward. It would seem, from the results presented in figure 10, 
that the smal 1 part of the vortex sheet which is not yet rolled up 
contributes a measurable part of the interference load- 


A sample calculation was made to substantiate this reasoning. Three 
horseshoe vortices were used to simulate the distributed vortical wake. 
The vortices were distributed according to the theoretical spanwise 
loading, and the numerical stepwise integration procedure of reference 2 
was used to locate the vortices in the tram: verse plane at the wing 
leading edge. Interference factors obtainec by this theoretical method 
are presented in figure 10(a) for the vortex generator located plus and 
minus l.p inches from the wing-chord plane. These results are in better 
agreement with experiment than those of the single-vortex theory. Thus, 
it can be surmised that the wake could be more accurately described by a 
greater number of vortices properly distributed. Tins method is not 
recommended except in unusually detailed studies since the number of 
computations necessary to determine the vorvex location varies as the 
square of the number of horseshoe vortices considered* 
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Effect of wing angle of attack-- Calculations of vortex interference 
on a wing t>y two-dimensional line -vortex theory at other than zero angle 
of attack require some additional assumptions. First , a streamwise 
vortex is not parallel to the surface of a wing at angle of attack- 
Further since the vortex is deflected to some extent "by the wing flow 
field the variation of the distance to the vortex along the wing chord 
is unk nown . In this investigation the height of the vortex was 
arbitrarily taken as the perpendicular distance between the mid -chord 
point of the wing and the undisturbed path of the vortex - Fortunately , 
the vortex height is not critical since the incidence of the wing is 
usually a small angle and the computation of induced loads is fairly 
insensitive to small changes in Zq- 

The experimental interference factors obtained with a vortex 
generator of half the wing span are presented in figure 11 for an ocy 
2 range of -4° to +6°. The experimental results show that with the wing 

at angle of attack , the induced loads are dependent upon the direction 
of circulation. The interference factors are larger when ay ana 
are of the same sign than when they are of opposite sign* For a wing 
angle of attack of 4°, this difference amounts to about one -t ourt h . of 
the interference factor at zero angle of attack. The Prandtl lifting- 
line theory agrees with the experimental trend shown in figure 11 while 
the reverse -flow theory fails to show this trenu • 

Distribution of vortex-induced loads .- Theoretical prediction of the 
distribution "of vortex-induced loads is" somewhat more difficult than the 
calculation of the total vortex interference. The spamwise induced load 
distributions obtained by the lifting-line theory and the We is singer 
method are compared to the experimental induced loads in f igure 12 • 
Measured downwash angles were used in the computations to eliminate the 
uncertainties in the theoretical vortex. The method of reference 10 
for calculating spanwise lift distribution determines the circulation 
distribution which satisfies the downwash angles prescribed for a number 
of control points on the wing. Thus the mutual influence of the control 
points as well as the plan form of the wing is considered in these 
computations. Considering the fact that linearized two-dimensional theory 
was used, the agreement with experiment (fig- 12) is fairly good. The 
Weiss inger method predicts the vortex -induced loads better than the 
lifting-line theory, especially for the wing in the wake ^ Ox the o-inch 
vortex generator where the downwash field was most nonuniiorm. 

Surprisingly good agreement between the theory, using Weissmger T s 
method, and experiment is shown in figure 13 ^ or those . cases where the 
• vortex generators were not in the chord plane of the wing. In those 

cases where experimental downwash angles were available, the ^results in 
figure 13 show that a line vortex, with a finite core, trailing, from the 
tip is a reasonable representation of the actual downwash field- 

Although existing methods predict the spanwise distribution Oj. 
loads within the limitations of two-dimensional theory, no suitable 



theoretical method was found for predicting the chordwise variation of 
induced loads at subsonic speeds. However, tie pressure distributions 
presented in figure l4 illustrate the experimental chordwise variations 
obtained in this investigation. Dashed portions of the curves represent 
extrapolations of the data in regions where the lifting pressures varied 
rapidly between chordwise rows of pressure orifices . The chordwise 
distribution of lifting pressures over the region inboard of the vortex 
core looks very much like that obtained in two-dimensional flow. However, 
in the region where the vortex core passes ov jr the wing, the induced 
loads are concentrated near the wing leading edge . Although the local 
chordwise center of pressure varied widely in the region of the vortex, 
the center of pressure of the total induced load was never more than 
3 percent of the chord away from the quarter-chord point of the wing for 
any of the test conditions. 

At the leading edge (see fig. l4 ) , the vortex location is evident 
by the reversal of the induced loads. However, downstream of the leading 
edge the pressure contours cannot be used to xrace the vortex path 
because of the mutual effects of the induced pressures acting over the 
entire wing. Stream-survey data obtained one chord length behind the 
wing showed that the spanwise location of the vortex did not change 
appreciably in passing the wing, even with the wing at an angle of 
attack of 6° . 


CONCLUDING REMARKS 


The aerodynamic loads induced on a rectangular wing by a vortical 
wake have been obtained for a number of vortex positions, both spanwise 
and normal to the wing, and for the wing at several angles of attack. 
Comparisons were made between the experimental results, and predictions 
were made with available theoretical methods. In addition, a stream 
survey was made of flow angles in the vortical wake . 

Stream-survey results showed that the wake of lifting surfaces of 
rectangular plan form starts to roll up quick:. y forming a vortex which 
trails back in a nearly streamwise direction :'rom the wing tip rather 
than from the centroid of circulation predicted by the lifting-line 
theory. This result is believed to be restricted to essentially untapered 
plan forms . 

Results of the investigation indicated that the vortex interference 
lift could be predicted over the range of tesx variables by the reverse - 
flow theory if a vortical wake with a finite-core diameter were considered. 
The accuracy of the theoretical predictions was relatively insensitive 
to the choice of spanwise vortex position, except when the vortex core 
passed immediately outboard of the wing tip. 
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The experimental induced loads on the wing at zero angle of attack 
when the vortex was not in the wing-chord plane were different for a 
positive and negative direction of circulation because of the asymmetry 
of the vortex sheet which was not fully rolled up. When the wing was 
at angle of attack the direction of circulation, regardless of extent of 
roll-up, also affected the magnitude of the induced loads. In this 
case, the induced load was greater when the vorticity was in the same 
sense as that shed by the wing itself • 

The spanwise distribution of vortex-induced loads was predicted by 
lift ing - lin e theory with reasonable accuracy using either the measured 
downwash angles or the values calculated for a potential vortex trailing 
back from the tip of the vortex generators. Use of Weissinger's 
modification to the theory improved the accuracy of the predictions . 


Ames Research Center 

Rational Aeronautics and Space Administration 
Moffett Field, Calif., July 19, 19^0 
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Figure 1.- Schematic diagram, of apparatus showing system of axes 
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Figure 2-- Test apparatus installed in the Aies 7- hy 10-Foot Wind Tunnel. 
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Figure 3.- Wing details and pressure orifice locations 




Figure 4 .- Dimensional sketch of survey rake. 
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Figure 5 . - Spanwise distribution of downwash angle behind three rectangular 
vortex generators; x = 15 in., zq. = 0.28 in. 
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Figure 6.- Comparison of theoretical and experimental spanwlse vortex location; 





Figure 8.- Comparison of experimental and theoretical interference factors 
using tip location for vortex: ay = 0°, z r = 0 . 
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Figure 9' - Comparison of experimental and theoretical interference factors 
for several vortex locations using reverse flow theory (finite core); 

a W = °°, Z G = 0 * 
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Figure 10.- Effect of vortex generator height on interference factor 
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Figure 10.- Concluded 
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Figure 12- - Comparison of experimental and theoretical spauwise distribution 
of vortex- induced loads using experimental downwash angles; ay - 0 9 
= 5°, 2 G - 0. 
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Figure 13 • - Concluded 







Figure l4.- Induced lifting pressure contours over plan form of wing in the wake of a vortex 

generator; a r = 5° zn = 0 b^/by =0.5. 
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